Micro
Introduction
Micro-pressure waves are a major wayside environmental problem for high-speed railways and increase greatly with train speed. Consequently, effective measures need to be developed as train running speeds increase. The magnitude of micro-pressure waves is proportional to the maximum pressure gradient of the compression wave arriving at the far end of the tunnel (tunnel exit portal) opposite to the portal through which the train enters [1, 2] . Micro-pressure waves can, therefore, be reduced by lowering the maximum pressure gradient of the compression wave. Common measures such as tunnel entrance hoods and the optimization of the train nose shape are used to achieve this at a portal through which the train enters (tunnel entrance portal). The compression wave generated at a tunnel entrance portal steepens (i.e. the maximum of its gradient increases) as it propagates through slabtrack tunnels. The larger the maximum of the gradient of the compression wave at the tunnel entrance portal is, by far the larger its increase becomes [3] . Consequently, decreasing this maximum pressure gradient at the tunnel entry portal is very effective for mitigating micro-pressure waves. However, as the speed of today's high speed trains rises, so does the required length of the tunnel entrance hood resulting in some tunnel entrance hoods being over 40 m long. In turn, as tunnel entrance hoods become longer (e.g. over about 40 m for Shinkansen), the effect on reducing micro-pressure waves fall, i.e. there is a ceiling on the effectiveness of this measure [4] . This paper therefore proposes, a new means to reduce micro-pressure waves at tunnel exit portals where radiation of the micro-pressure wave. The exit box, 'silencer' [5] , method already achieves this to a certain extent, whereas the method proposed in this paper applies a different approach which improves the measure against micro-pressure waves radiated from the tunnel branch portal which has already proposed in the past [6] . The method involves a hood installed at the tunnel exit portal and with a partition which divides the inside of the hood into two parts in the vicinity of its mouth, and with the end of one part closed. This study predicted the reduction in the micro-pressure wave by acoustic analysis and which was verified by model experiments using a train model launcher.
Investigation of methods for reducing micro-pressure waves

Basic principle
As shown in Fig. 1 , compression waves are generated by a train entering a tunnel and propagate toward the tunnel exit portal at the speed of sound. When the wave arrives at the tunnel exit portal, a part of its energy is radiated outside in the form of an impulse pressure wave (micro-pressure wave).
If the wavefront thickness of the compression wave and the distance of the measured point from the tunnel exit center are much longer than the radius of the tunnel (low-frequency and far-field approximations), the relation between the compression wave p(t) at the exit portal and the micro-pressure wave P(t) is expressed as the following equation [1, 2] .
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where r is air density, A is the cross-sectional area of the tunnel portal, W is the solid angle around the tunnel exit, r is the distance of the measured point from the tunnel center, t is time, c is the speed of sound, and u is the air velocity inside the tunnel at the exit portal. As shown in (1), reducing the gradient of the compression wave decreases the micro-pressure wave; in order to attain it, tunnel en-trance hoods have been installed or train nose shapes have been optimized. On the other hand, reducing the crosssectional area of tunnel portal A also decreases the micropressure wave, as shown in (1) . However, if the portal cross section is reduced closing part of the opening off with a plate for example, the decrease in the micro-pressure wave is not proportional to the reduction in the cross section, due to the increase in air velocity u [6] . In order to reduce the micro-pressure wave from a side branch of a tunnel, a proposal was made to install a partition to close half the mouth of the tube, as shown in Fig.2 . The desired effect was then verified through model experiments [6] . However, this measure is impossible to apply in practice because the cross section of the tunnel corresponds closely to the structure gauge; such a partition would prevent the train from passing. This paper therefore proposes an alternative measure, namely for the installation of a hood at the tunnel exit portal whose cross-sectional area is larger than that of the tunnel and is internally divided by a partition (the hood with the inside partition). 
Prediction of the mitigation effect by acoustic analysis
To predict the reduction in the micro-pressure wave in the case of the hood with the inside partition, a set of equations were derived to calculate the micro-pressure wave using the waveform of the compression wave arriving at the tunnel exit portal. The hood with the inside partition is illustrated schematically in Fig.3 . It is assumed that the wavefront thickness l w of the compression wave is much larger than the diameter d of the cross section of the tunnel (low-frequency approximation, l w >> d) and that the partition length is much longer than the wavefront thickness (l >> l w ). The wave reflected at the opposite portal (tunnel entrance portal) is not considered, and thickness of the partition plate, the effect of viscosity and the steepening of the wave by non-linear effect during propagation inside the hood are ignored.
The compression wave propagated through the tunnel is divided into two waves by the inside partition and the waves propagate through O-side and C-side as plane waves. Each wave is reflected both at the open end and the closed end, and goes back toward point O and point C. There, each reflected wave is divided into two waves. One is reflected back to the end again and the other is transmitted to the opposite end and point J. The wave arriving at 
point J where the cross-sectional area changes discontinuously, is divided between a reflected wave toward the hood and a transmitted wave toward the opposite tunnel portal. As a result, the pressure waves reflected or transmitted at points O and C, and the wave reflected at point J arrive periodically at the open end and the closed end. The pressure inside O-side and C-side at x (L h >x>L h -L) are given by the following equations respectively:
The reflected waves at the open end po i * and at the closed end pc i * are given by the following equations, respectively, under low-frequency approximation.
where L h is the hood length and l E is the end-correction.
Since the end-corrections at points C, O and J, are small, they are ignored. The i-th waves po i and pc i are given by the following equations respectively:
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where R is the reflection coefficient, T is the transmission coefficient and the subscript of R and T indicate the reflection or transmission point. For example, R o is the reflection coefficient at point O of the wave propagating in the direction of negative x and T -J is the transmission coefficient at point J of the wave propagating in the direction of positive x. For low frequency waves, these values are approximated using the following equations which employ the opening ratio s (the ratio of the cross-sectional area of the open end to that of the tunnel, as shown in Fig.3 ) and the hood crosssectional area ratio s h ' (=A h '/A, as shown in Fig.3 ) [7] .
When considering the effect of the phase difference by the end-correction at the open end, (1) is modified as shown in the following [8] .
Therefore, the micro-pressure wave radiated from the hood with the inside partition PO is expressed in the following equation using the pressure wave arriving at the open end po i and the cross-sectional area of the open end sA h '.
As shown in (11) , when the partition length L is long enough, the micro-pressure wave radiated from the hood with the inside partition is decreased to s (opening ratio) times as large as that from the hood without the inside partition (i.e. s =1.0 and i=1 in (11)). On the other hand, using (8), (10) and (11), the ratio of the micro-pressure wave to that from the tunnel exit portal without the hood is a=2ss h ′/(s h ′+1), which is larger than the opening ratio s.
Model scale experiments to verify the mitigation effect
Description of the experiment
Scaled model experiments using a train model launcher [9] were carried out to verify the effect of reducing the micro-pressure wave by the hood with the inside partition. Table 1 shows the specifications of the models and Fig. 4 is a schematic illustration of the hood. The ground effect is represented by mirror image method [10] . The model scale is about 1/120. The train model was projected at a speed of V=350 km/h or 400 km/h and the opening ratio s of the hood with the inside partition was set at 0.7 (Fig.4 (b) ).
As shown in Table 1 , the hood cross-sectional area ratio s h ' is 1.36 corresponding to the current standard size of tunnel entrance hoods. The hood length is 190 mm corresponding to 23 m on the real-scale. The cross section of the tunnel model, the hood model and the train model are all circular. A RION NL-32 microphone, located outside at a distance of 0.4 m from the center of the hood in the lateral direction, was used to measure the micro-pressure wave and three pressure transducers (Kulite XCS-190-5G) were installed inside the tunnel at distance of 1 m from the tunnel exit portal (p0), and inside the hood at the center of the inside partition at both the closed side (p1) and at the open side (p2) (as shown in Fig.4 ). There were no openings on the side of the hood. Figure 5 shows the compression wave waveform on arrival at the hood. Although the waveform shown in Fig.5 is measured where L=0 mm, the waveforms in fact to do not rely on hood characteristics (e.g. length, opening ratio, etc.). Therefore, waveforms measured where L=50 mm and L=150 mm, are the same. As shown in Fig.5 , the wavefront thickness l w (defined as the range where the gradient of the compression wave is over 5% of the maximum) is about 650 mm (1.9 ms) at a speed of 350 km/h and about 340 mm (1.0 ms) at 400 km/h. Figure 6 shows the micro-pressure wave ratio with respect to the partition length L. The horizontal axis expresses the non-dimensional length based on the wavefront thickness l w at respective speeds. The vertical axis expresses the ratio to the micro-pressure wave radiated from the hood without the partition i.e. the present tunnel entrance hood whose opening ratio is equal to 1. The nondimensional length expressed as 0 on the horizontal axis is an expression of the present tunnel entrance hood (opening ratio s =1) in Fig.6 . Fig.6 also shows the result of the calculation using the measured waveform of p0 at 350 km/ h (Fig.5) in (11) . Fig.6 further demonstrates that the micropressure wave ratio decreases when L/l w increases and, at L/l w > 0.15, becomes constant at a value of 0.7～0.75 corresponding to the opening ratio s . Moreover, Fig.6 shows that the result of the calculation by (11) agrees with that of the experiment. Figure 7 shows the waveforms of the micro-pressure wave where L=150 mm (L/l w =0.23) for a micro-pressure wave ratio constant value of 0.7～0.75 and where L=50 mm (L/l w =0.08) when it is larger than the constant value. In addition, Fig.7 also shows the waveforms predicted by (11) using the measured waveform of p0 (Fig.5) . The waveforms of the micro-pressure wave and those of the pressure inside the hood obtained by experiment and through calculation agreed more or less. This indicates that it is possible to predict the micro-pressure waveform radiated from the hood if the compression waveform on arrival at the hood can be obtained. The hood in the experiments was unvented. Consequently, if a hood is vented, calculated results may at some measurement points disagree with experimental results. The micro-pressure wave is divided into two parts when the micro-pressure wave ratio is at a constant value (Fig.7 (b) ), whereas the second part overlaps with the first part when there is no convergence effect (Fig.7 (a) ). Although the partition length needs to be longer than l w /2 to divide the micro-pressure wave completely into two parts, according experimental results a length of between l w /7 to l w /6 would also be effective, i.e. a reduction in the micropressure wave corresponding to the opening ratio can be achieved with a partition length of less than l w /2 (Fig.6) . The reason for this is that so long as the overlap between the first part and second part of the wave does not occur close to their respective peaks, even if their extremities do overlap, it will not affect the maximum of the micro-pressure wave.
Results of the experiment
The optimum partition length to achieve maximum micro-pressure wave mitigation was estimated by on-site measurement in a tunnel of 9.7 km in length [11] . Since the measured wavefront thickness of the compression wave at the tunnel exit portal was about 60 m, the necessary length was predicted to be half that value i.e. about 30 m. From the above however, it is inferred that the maximum mitigation effect could also be achieved with partition shorter than 30 m, though this would depend on the waveform of the compression wave.
Discussions
In section, the micro-pressure wave ratio radiated from the hood with the inside partition is considered when it is installed at the exit portal of an actual Shinkansen tunnel. In double-tracked Shinkansen tunnels, trains run in both directions and therefore, in most cases the tunnel entrance hoods are installed at both ends of the tunnel. Therefore, the micro-pressure wave ratio is defined as the ratio of the micro-pressure wave radiated from the hood with the inside partition in relation to that from the hood without the inside partition (i.e. the tunnel entrance hood).
Although the micro-pressure wave is obtained by comparing (10) and (11), for simplification, the end-correction is ignore in this chapter. The magnitude of the micropressure wave from the hood without the inside partition is given by the following equation which is derived from (1), (8) and (9), ignoring the end-correction.
where the cross-sectional area of the hood without the inside partition is expressed as A h and its ratio to the tunnel is expressed as s h (=A h /A) to distinguish it from hoods with the inside partition. In the same way, the magnitude of the micro-pressure wave from the hood with the inside partition is given by the following equation which is derived from (11) , ignoring the end-correction.
PO(t) is the sum of several waves as described in (6)～(8).
However, because waves after the third wave (i ≥ 3) are multiplied by the second power of reflection or transmission coefficient, they are smaller than the first and the second waves and are therefore negligible. The first and the second waves are given by the following equations which are derived from (6)～(9) and (13).
Comparing the coefficient in (14) and in the first term of (15), shows that the second wave is larger than the first wave when s < 0.5. However, when s < 0.5, the crosssectional area of the whole hood with the inside partition A h ′ must be made larger to a certain degree to obtain the cross-sectional area of the opening (=s A h ′) required for the passage of the train. Moreover, the micro-pressure wave ratio does not lessen in proportion to the opening ratio. Therefore, the feasible opening ratio is probably 0.5 < s < 1. In this case, the magnitude of the micro-pressure wave radiated from the hood with the inside partition is defined by the first wave (calculated by (14)). Using (12) and (14), the micro-pressure wave ratio is given by the following equation:
Equation (16) shows that the micro-pressure wave ratio is defined by the opening ratio s and the cross-sectional area ratio of the hood with the inside partition s h ′. Figure  8 shows the correlation described in (16) when the crosssectional area ratio of the hood without the inside partition s h is equal to 1.4 corresponding to the standard value of the tunnel entrance hood installed at actual Shinkansen tunnels. When the cross-sectional area of the hood with the inside partition is equal to that of the hood without the inside partition (s h ′=s h =1.4), the micro-pressure wave ratio corresponds to the opening ratio. However, when the crosssectional area of the hood with the inside partition is larger than that of the hood without the inside partition (s h ′>s h ), the micro-pressure wave ratio is larger than the opening ratio (i.e. the mitigation effect on the micro-pressure wave is reduced). The cross-sectional area of the opening (=s A h ′=ss h ′ A ) needs to be large to ensure that the train can pass in order to be able to apply the hood in practice on a Shinkansen line.
For example, assuming a standard tunnel entrance hood is remodeled into one with a partition inside it, s h =s h ′ = 1.4 is substituted in (17) and therefore, the micro-pressure wave ratio corresponds to the opening ratio, in which case s h ′ = 1.4, and if the cross-sectional area of the opening of the hood with the inside partition corresponds to that of the tunnel (ss h ′ = 1) which is required to ensure safe passing of a train, s = 0.7. The micro-pressure wave ratio then equals the opening ratio, giving an expected mitigation ratio of about 30%. However, in this case, the cross-sectional area of the entrance for the opposite train, being nearly equal to that of the tunnel, is smaller than that of the hood without the inside partition. Therefore, in order to prevent the effect of the micro-pressure wave generated by the opposite running train, further measures must be taken, such as adding opening windows installed on the hood side surface [2, 12] and having a larger opening cross-sectional area (ss h ′ > 1). 
Conclusions
A proposal was made for a measure to mitigate micropressure waves, which are a major wayside environmental problem for high-speed railways, at the point of radiation. The effect of this measured was estimated through acoustic analysis and validated by model experiments. The conclusions are as follows:
(1) Micro-pressure waves can be decreased by installing hoods with the inside partition at the tunnel exit portal (point where the train leaves the tunnel and the micro-pressure wave is radiated). The partition serves to divide the inside of the hood into two parts in the vicinity of the hood mouth, forming a type of 'cul-de-sac' on one side of the hood. Its mitigation ratio corresponds to the opening ratio. However, if the hood is vented, the mitigation rate may vary depending on the point being measured. (2) In order to achieve a reduction in the micro-pressure wave which corresponds to the opening ratio, the length of the inside partition of the hood need only be half the length of the wavefront thickness of the compression wave when it arrives at the tunnel exit portal (e.g. about 30m for Shinkansen tunnel).
The maximum reduction could be achieved by a shorter partition though its length depends on the waveform of the compression wave. (3) The waveform of the micro-pressure wave radiated from the hood with the inside partition can be predicted by simple acoustic analysis.
